Brillouin Optical Time Domain Analysis (BOTDA) is becoming a consolidated technique in applications requiring highresolution monitoring over extremely long distances. Extension of the measuring range has therefore become one of the main areas of research around BOTDA technology. To increase the sensing range, it is necessary to increase the Signal to Noise Ratio (SNR) of the retrieved signal. This has been achieved so far by applying techniques like pre-amplification before detection, pulse coding or Raman amplification. Here, we analyze these techniques in terms of their performance limits and provide guidelines that determine which is the best configuration to overcome current range limitations.
INTRODUCTION
Standard Brillouin Optical Time Domain Analysis (BOTDA) systems [1] are normally limited in sensing range to 30-40 km due to the intrinsic fiber attenuation ( =0.2 dB/km @ 1550 nm). This phenomenon reduces the intensity of the signals within the fiber, thus decreasing the Signal to Noise Ratio (SNR) as the monitored distance increases. Due to the proliferation of large infrastructures that require intensive monitoring in a distributed way, recently, new approaches have been developed to extend the range of conventional BOTDA systems. These are based on introducing a preamplification stage before detection [2] , pulse coding [3] or distributed Raman amplification [4, 5] . Unfortunately, the application of such technologies does not provide a final solution to fulfill all the required applications, in many cases beyond 100 km fiber length. In this work, we perform an analysis of the different range-extending techniques to evaluate the benefits in terms of SNR enhancement and their effect in the Figure of Merit (FoM) [6] of the BOTDA and its sensing distance. As we will see, the combination among techniques is the path to follow for achieving extremely long sensing ranges, thus, the effect of the different unions is also described.
CONVENTIONAL BOTDA RANGE LIMITATIONS
In BOTDA systems, two signals are introduced within the fiber in opposite directions; a pulsed pump wave and a continuous probe wave. The detected probe signal at the far end of the fiber (∆ ) can be expressed as [6] :
where is the Brillouin gain coefficient, is the nonlinear effective area, and are the pump and probe input powers respectively, is the linear fiber attenuation, is the fiber length and ∆ is the spatial resolution. As it can be seen, fiber attenuation is reflected in a squared exponential decay with distance, which means that the signal ∆ is reduced by as much as 10 dB every time the distance is increased in 25 km. Thus, a mild range increase of 25 km implies a signal reduction equivalent to a tenfold improvement in resolution. Besides, it has to be taken into account the distance restriction produced by the BOTDA structure itself when dealing with linear sensing applications. Since the system requires access to both fiber ends, the real measuring distance is half of the employed total fiber length [7] . In terms of power levels, the pump wave is limited by depletion and Modulation Instability (MI) (typ.
<50 mW) and the probe signal ( <500 μW) by the appearance of MI [7] . These maximum values are lower for Raman assistance. As stated before, this paper compares several techniques used for range extension by assessing their performance in terms of SNR enhancement. 
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FoM) [6] repo ed techniques nly due to the With the applic to the previou kthrough. The ge extension, the detrimen nique [9] , the cation [11] an ages is still el 00 km with a distributed gai e the intrinsic Eq. 1). The c fication [4] or man assistanc e Relative In al techniques al. in [9] . Fig  Raman- the performance of the BOTDA until 13,000. In all the proposed systems, the sensing range equals the total fiber length employed; therefore, if a linear measuring application is required, the maximum sensing distance is of "just" ~ 60 km. By combining all three techniques in a linear sensing configuration [7] , it is possible to reach 120 km of sensing fiber (240 km of fiber loop) with 5 meter resolution and the equivalent of 2048 averages. Evidently, the FoM is quickly increased up to 300,000.
CONCLUSIONS
In this work, we have presented a measure of the limits of the available techniques to obtain extremely long sensing ranges on BOTDA systems. After a detailed revision of the available techniques (pre-amplification, pulse coding and Raman assistance) and the application of the FoM, it is concluded that the combination among techniques is the most effective way to break the limiting barrier of 100 km. This has been demonstrated in recent literature results, which might be improved in the future. It is evident that the combination of all the proposed techniques is the path to follow when extremely long distances are required. Obviously, the complexity of such systems is considerable too, but the performance enhancement is so obvious, that is completely worth it. The range achieved so far provides an efficient sensing solution for most applications so far, but still some demanding applications may require larger sensing ranges. There are already some research groups and companies that are introducing balanced detection in their long-range BOTDA systems, probably the final improvement on the proposed schemes to break the 150 km sensing distance barrier.
